The cerebellum is known to project via the thalamus to multiple motor areas of the cerebral cortex. In this study, we examined the extent and anatomical organization of cerebellar input to multiple regions of prefrontal cortex. We first used conventional retrograde tracers to map the origin of thalamic projections to five prefrontal regions: medial area 9 (9m), lateral area 9 (9l), dorsal area 46 (46d), ventral area 46, and lateral area 12. Only areas 46d, 9m, and 9l received substantial input from thalamic regions included within the zone of termination of cerebellar efferents. This suggested that these cortical areas were the target of cerebellar output. We tested this possibility using retrograde transneuronal transport of the McIntyre-B strain of herpes simplex virus type 1 from areas of prefrontal cortex. Neurons labeled by retrograde transneuronal transport of virus were found in the dentate nucleus only after injections into areas 46d, 9m, and 9l. The precise location of labeled neurons in the dentate varied with the prefrontal area injected. In addition, the dentate neurons labeled after virus injections into prefrontal areas were located in regions spatially separate from those labeled after virus injections into motor areas of the cerebral cortex. Our observations indicate that the cerebellum influences several areas of prefrontal cortex via the thalamus. Furthermore, separate output channels exist in the dentate to influence motor and cognitive operations. These results provide an anatomical substrate for the cerebellum to be involved in cognitive functions such as planning, working memory, and rule-based learning.
The cerebellum is known to project via the thalamus to multiple motor areas of the cerebral cortex. In this study, we examined the extent and anatomical organization of cerebellar input to multiple regions of prefrontal cortex. We first used conventional retrograde tracers to map the origin of thalamic projections to five prefrontal regions: medial area 9 (9m), lateral area 9 (9l), dorsal area 46 (46d), ventral area 46, and lateral area 12. Only areas 46d, 9m, and 9l received substantial input from thalamic regions included within the zone of termination of cerebellar efferents. This suggested that these cortical areas were the target of cerebellar output. We tested this possibility using retrograde transneuronal transport of the McIntyre-B strain of herpes simplex virus type 1 from areas of prefrontal cortex. Neurons labeled by retrograde transneuronal transport of virus were found in the dentate nucleus only after injections into areas 46d, 9m, and 9l. The precise location of labeled neurons in the dentate varied with the prefrontal area injected. In addition, the dentate neurons labeled after virus injections into prefrontal areas were located in regions spatially separate from those labeled after virus injections into motor areas of the cerebral cortex. Our observations indicate that the cerebellum influences several areas of prefrontal cortex via the thalamus. Furthermore, separate output channels exist in the dentate to influence motor and cognitive operations. These results provide an anatomical substrate for the cerebellum to be involved in cognitive functions such as planning, working memory, and rule-based learning.
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Which cortical areas are the target of cerebellar output? The answer to this question has important implications for concepts about cerebellar function. The traditional view of cerebrocerebellar loops is that they gather information from widespread cortical areas in the frontal, parietal, and temporal lobes (Brodal, 1978; Hartmann-von Monakow et al., 1981; Vilensky and van Hoesen, 1981; Leichnetz et al., 1984; Glickstein et al., 1985; Schmahmann and Pandya, 1997a) . The output of cerebellar processing is then thought to be directed at a single cortical area, the primary motor cortex (M1). Thus, cerebrocerebellar circuits are believed to function primarily in the domain of motor control (Evarts and Thach, 1969; Kemp and Powell, 1971; Allen and Tsukahara, 1974; Allen et al., 1978; Brooks and Thach, 1981; Asanuma et al., 1983) .
A number of observations have raised doubts about the general applicability of this point of view. From an anatomical perspective, it is now clear that the site of termination of cerebellar efferents is not restricted to only the subdivisions of the ventrolateral thalamus that innervate M1. In fact, the regions of the thalamus that receive cerebellar input are now recognized as a diverse group that innervates many motor and nonmotor areas of the cerebral cortex (Kusama et al., 1971; Kuypers, 1972, 1977; Percheron, 1977; Sasaki et al., 1979; Stanton, 1980; Kalil, 1981; Miyata and Sasaki, 1983; Schell and Strick, 1984; Goldman-Rakic and Porrino, 1985; Wiesendanger and Wiesendanger, 1985a,b; Matelli et al., 1989; Orioli and Strick, 1989; Darian-Smith et al., 1990; Gonzalo-Ruiz and Leichnetz, 1990; Barbas et al., 1991; Yamamoto et al., 1992; Rouiller et al., 1994; Matelli and Luppino, 1996; Percheron et al., 1996; Sakai et al., 1996) . In addition, there is physiological evidence that the activity of neurons in selected regions of the cerebellum is related more to cognitive aspects of performance than to motor function (Kim et al., 1994; Mushiake and Strick, 1995; Gao et al., 1996 ; for review, see Middleton and Strick, 1997) . Furthermore, cerebellar lesions can result in cognitive as well as motor deficits (for review, see Leiner et al., 1986 Leiner et al., , 1987 Leiner et al., , 1989 Leiner et al., , 1991 Leiner et al., , 1993 Botez et al., 1989; Ivry and Keele, 1989; Schmahmann, 1991; Akshoomoff and Courchesne, 1992; Fiez et al., 1992; Grafman et al., 1992; Schmahmann and Pandya, 1997b; Schmahmann and Sherman, 1998) .
Motivated in part by these observations, we decided to examine the extent and topographic organization of cerebellar input to multiple regions of prefrontal cortex. Defining such connections would provide an anatomical substrate for the cerebellum to influence working memory and other aspects of higher executive function. Indeed, in a series of reviews, Leiner et al. (1986 Leiner et al. ( , 1987 Leiner et al. ( , 1989 Leiner et al. ( , 1991 Leiner et al. ( , 1993 suggested the existence of a cerebellar projection to higher order areas in the frontal lobe based on the parallel expansion of the dentate nucleus and prefrontal cortex in higher primates. In the present study we used retrograde transneuronal transport of the McIntyre-B strain of herpes simplex virus type 1 (HSV1) to determine whether five specific areas of prefrontal cortex are the target of cerebellar output: medial and lateral area 9 (9m and 9l, respectively), dorsal and ventral area 46 (46d and 46v, respectively), and lateral area 12 (12l). We examined these cortical areas because studies with conventional tracers provided evidence that they receive some input from regions of the ventrolateral thalamus that are the site of termination of cerebellar efferents. There are two major results of this study. First, we found that the cerebellum projects via the thalamus to portions of areas 9 and 46 in prefrontal cortex. Second, the cerebellar projections to prefrontal cortex originate from dentate regions that are spatially separate from those that influence motor areas of cortex. Thus, separate output channels exist in the dentate to influence motor and cognitive operations.
Parts of this paper have been published previously (Middleton and Strick, 1994 .
MATERIALS AND METHODS
This report is based on observations from 12 juvenile cebus monkeys (Cebus apella; 1.3-2.4 kg) ( Table 1 ). The McIntyre-B strain of HSV1 was injected into different regions of the prefrontal cortex in 13 hemispheres. Fluorescent tracers were injected into comparable regions of cortex in 4 hemispheres. The procedures adopted for this study and the care provided experimental animals conformed to the regulations detailed in the National Institutes of Health Guide for the Care and Use of Laborator y Animals. All protocols were reviewed and approved by the Institutional Animal C are and Use committees. The biosafety precautions taken during these experiments conformed to or exceeded the biosafety level 2 (BSL -2) regulations detailed in Biosafet y in . A detailed description of the procedures for handling virus and virusinfected animals is presented in Strick and C ard (1992) and Hoover and Strick (1999) .
Surgery
T welve hours before surgery, each animal was administered dexamethasone (Decadron, 0.5 mg / kg, i.m.) and restricted from food and water. Approximately 20 min before initiating anesthesia, animals were pretreated with either atropine sulfate (0.05 mg / kg, i.m.) or glycopyrrolate (0.01 mg / kg, i.m.). Most of the animals were anesthetized initially with ketamine hydrochloride (Ketalar, 15-20 mg / kg, i.m.), intubated, and maintained under gas anesthesia using a 1:1 mixture of isoflurane (Enflurane) and nitrous oxide (1.5-2.5%; 1-3 l /min). Other animals were anesthetized with Telazol (initial dose, 20 mg / kg, i.m.; supplemental dose, 5-7 mg⅐kg Ϫ1 ⅐hr Ϫ1 , i.m.). In these cases, the analgesic butorphenol (Torbugesic, 0.1-0.4 mg / kg, i.m.) was given every 2-4 hr to reduce the overall amount of Telazol used. After being anesthetized, all animals were administered dexamethasone (0.5 mg / kg, i.m.) and an antibiotic [cefazolin sodium (Kef zol, 25 mg / kg, i.m.) or ceftriaxone (Rocephin, 75 mg / kg, i.m.)]. Hydration was maintained using lactated Ringer's solution with 5% dextrose (6 -10 cc / hr, i.v.), and temperature was maintained with a heating pad. Heart rate, blood oxygen saturation, body temperature, and respiratory depth were continuously monitored during the surgery.
All surgical procedures were conducted using aseptic techniques. Each animal's head was positioned in a stereotaxic frame (Kopf). Ophthalmic ointment was placed in the eyes. One or two large craniotomies were performed over the frontal lobe(s), and the dura was incised and reflected to expose the region of interest. The cortex was kept moist using warmed (37-40°C) sterile saline throughout the entire procedure.
Injection sites
Injections of HSV1 or conventional tracers were made at multiple sites within areas 9, 46, and 12 in the prefrontal cortex (see Table 1 , Figs. 1, 2) . The location of each injection site was based on surface landmarks and their known relationship to the cytoarchitectonic borders of the prefrontal cortex. Injections into the portions of area 46 within the banks of the principal sulcus were f urther guided by magnetic resonance images of the frontal lobe taken at least 1 week before surgery. Injections were made with a 5 l Hamilton syringe, using a 28 -32 gauge needle. For injections into cortical gyri, the needle was oriented perpendicular to the cortical surface, and tracer was injected ϳ1.5 mm below the cortical surface. For injections into the banks of the principal sulcus or into medial area 9, the needle was oriented parallel to the cortical surface, and tracer was injected at multiple depths (1.5-6.0 mm) below the surface. After each injection, the microsyringe was left in place for 1-2 min. When the injections were completed, the dura and bone flap were replaced, and the incision was closed in anatomical layers. 
Tracers
To determine the origin of thalamic input, we injected one or two fluorescent tracers [fast blue (FB), diamidino yellow (DY), rhodamine dextran (RD), or nuclear yellow (N Y)] into different sites within areas 9, 46, and 12 (Table 1) . Multiple small injections of tracer were made in each cortical area (10 -35 injections; 0.1-0.25 l /site to a total volume of 1.7-3.5 l /area; see also Table 1 ). To determine the origin of cerebellar input, we used the McIntyre-B strain of HSV1. This strain travels transneuronally in the retrograde direction in the C NS of primates (Z emanick et al., 1991; Strick and C ard, 1992; Strick, 1993, 1999; Strick et al., 1993; Lynch et al., 1994; Middleton and Strick, 1994 et al. (1997)] . No substantial differences were observed in the overall patterns of labeling produced by these different preparations. Multiple small injections of virus were made into areas 9, 46, and 12 (17-59 injections; 0.05-0.25 l /site to a total volume of 2.1-5.0 l /area; see also Table 1 ).
Survival period
After the surgery, animals injected with HSV1 were placed in a BSL -2 isolation room for f urther observation and recovery. Animals that received injections of only fluorescent tracers were returned to the colony room. Observations of each animal's appearance and behavior were recorded every 4 -8 hr, or more often as needed. All animals received dexamethasone (0.1-0.5 mg / kg, i.m. or p.o.) during the initial recovery period. Animals that showed signs of discomfort were given butorphenol (0.01-0.4 mg / kg, i.m.) or buprenorphine (Buprenex, 0.01 mg / kg, i.m.). If an animal developed partial or generalized seizures, it was given Phenobarbital (2-6 mg / kg, i.m., until the seizures were controlled; up to 40 mg / kg in a 24 hr period). After the appropriate survival period (see Table 1 ), each animal was deeply anesthetized (ketamine hydrochloride, 25 mg / kg, i.m.; pentobarbital sodium, 36 -40 mg / kg, i.p.) and transcardially perf used using a three-step procedure (Rosene and Mesulam, 1978) . The perf usates included 0.1 M PBS, 4% (w/ v) paraformaldehyde in PBS, and 4% paraformaldehyde in PBS with 10% (v/ v) glycerine. After the perf usion, the brain and cerebellum were photographed, stereotaxically blocked, removed from the cranium, and stored in buffered 4% paraformaldehyde with 20% glycerine (4°C) for 4 -7 d.
Histology
Blocks of neural tissue were frozen (Rosene et al., 1986) and serially sectioned in the coronal plane at a thickness of 50 m. Every 10th section was counterstained with cresyl violet for cytoarchitectonic analysis [E. C. Gower; in Mesulam (1982) ]. To identif y neurons labeled by virus transport, we processed free-floating tissue sections according to the avidinbiotin -peroxidase method (ABC; Vectastain; Vector Laboratories, Burlingame, CA) using a commercially available antibody to HSV1 (Dako, C arpinteria, CA; 1:2000 dilution). At least every other section from these animals was reacted. Sections were mounted onto gelatin-coated glass slides, air dried, and then coverslipped with either Artmount or DPX. In animals injected with fluorescent tracers, at least every other section was immediately mounted onto slides. These slides were then kept refrigerated (4°C) in darkness until examined.
Analytic procedures
We examined at least every fourth section through the injection site, thalamus, and cerebellum of experimental animals. Material from fluorescent tracer experiments was examined using fluorescent illumination [Leitz filters D (355-425 nm excitation wavelength) or N2 (530 -560 nm excitation wavelength)]. Sections reacted for HSV1 were examined using bright-field, dark-field, and polarized illumination.
Data from all experiments were plotted using a personal computer (PC)-based charting system (MD2; Minnesota Datametrics, Inc., St. Paul, M N). This system uses optical encoders to sense x-y movements of the microscope stage and stores the coordinates of charted structures (e.g., section outlines, injection site zones, and labeled neurons). Digital images of selected structures were "captured" from the microscope using a video camera coupled to a high-resolution video-processing board in a PC. Software written in the laboratory enabled us to generate highresolution composites from multiple images.
Determination of injection sites
Conventional tracers. Three zones of labeling were evident at each fluorescent tracer injection site. Using established criteria (Bentivoglio et al., Figure 1 . Location of HSV1 and conventional tracer injections. Top, The lateral surface and medial wall of the cerebral cortex of a cebus monkey. Bottom, The lateral surface and medial wall of the frontal lobe (boxed-in area above) aligned on the midline between the two and both banks of the principal sulcus unfolded. Left, A flattened map of the cytoarchitectonic regions of the prefrontal cortex according to the criteria of Walker (1940) and Barbas and Pandya (1989) . Dashed lines indicate the approximate location of the borders between these regions. Middle, The reconstructed injection sites for different conventional tracer experiments. Right, Selected HSV1 injection sites. Shading is used to indicate the combined zones I and II of each injection site, and any regions of overlap are indicated with dotted lines. The approximate locations of the coronal sections through the HSV1 injection sites (see Fig. 2 Huisman et al., 1983; Kuypers and Huisman, 1984; Condé, 1987) , we defined zone I as the central region surrounding the needle track that contained an almost solid mass of fluorescent material. Z one II contained large numbers of intensely fluorescent neurons and glia amid a bright background of fluorescence. Z one II gradually changed into zone III that contained some background tissue fluorescence and weakly fluorescent neurons and glia. The effective area of uptake and transport of these tracers is considered to be confined to zones I and II (Bentivoglio et al., 1980; Huisman et al., 1983; Kuypers and Huisman, 1984; Condé, 1987) . Therefore, the maps of the injection sites (Figs. 1, 2) only illustrate these two zones.
HSV1. Three concentric zones of labeling surrounded each virus injection site. Z one I contained the needle track and the highest density of viral staining and pathology. In some instances, the tissue in this zone disintegrated during tissue processing. Z one II contained a dense accumulation of infected neurons and glia, as well as a high degree of background staining. Z one III contained large numbers of labeled neurons but little or no background staining. There is evidence that the actual zone of uptake for transneuronal transport of HSV1 is limited to zone I (for discussion of this issue, see Strick and C ard, 1992; Hoover and Strick, 1999) . Because this issue is not resolved, we included both zones I and II in our reconstructions of injection sites (Figs. 1, 2).
Reconstruction of injection sites
The plots of individual sections were aligned on the junction of the medial wall of the hemisphere with the lateral surface (i.e., the midline of the hemisphere). Then, the medial wall and the lateral surface of the hemisphere, including the dorsal and ventral banks of the principal sulcus, were unfolded. This process created a flattened map of prefrontal cortex. The locations of injection sites and cytoarchitectonic borders were added to this map (e.g., Fig. 1 ). C ytoarchitectonic borders were drawn using the criteria of Walker (1940) and Barbas and Pandya (1989) .
Distribution and density of cerebellar labeling
C avalieri's estimator of morphometric volume (see Rosen and Harry, 1990 ) was used to determine the proportion of the dentate containing output neurons directed to each of the different prefrontal areas. This rule provides a statistically unbiased rectangular estimation of the volume of brain structures from area measurements of regularly spaced serial sections:
where d is the distance between the sections that are being analyzed, y i is the cross-sectional area of the ith section through the region of interest, n is the total number of sections, y max is the maximum value of y, and t is the section thickness. A computer program was written in the laboratory to obtain two measurements from MD2 files of sections through the dentate: (1) the total cross-sectional area of the nucleus and (2) the area of the nucleus containing most (Ͼ90%) of the labeled neurons.
RESULTS
Our results are divided into two major sections. In the first section, we present the results of experiments that used conventional tracers to examine the origin of thalamic inputs to regions of the prefrontal cortex. We focus on the patterns of labeling in thalamic regions that are known to be the target of cerebellar or basal ganglia efferents [e.g., nucleus ventralis anterior and lateralis (VA/VL) and nucleus medialis dorsalis (MD)]. In the second section, we present the results of experiments that used HSV1 as a transneuronal tracer to define the origin of cerebellar projections to the prefrontal cortex. In a subsequent report, we will present the patterns of retrograde transneuronal labeling observed in the output nuclei of the basal ganglia.
Experiments with conventional tracers Injection sites
We injected fluorescent tracers into portions of areas 9, 46, and 12 in four hemispheres (Table 1 ; Fig. 1, bottom middle) . In general, tracers spread 400 -500 m from the needle track at injection sites. Injections of NY and RD appeared to spread somewhat less than did injections of FB and DY.
Area 9. Areas 9m and 9l were separately injected in two hemispheres (F14 and F27L). In F14, the injection site primarily involved the dorsal half of area 9m. It began 4.5 mm caudal to the frontal pole, extended caudally for 5 mm, and ended 8 mm rostral to the genu of the arcuate sulcus. A portion of the peripheral zone of this injection site extended into the most medial part of area 9l. In F27L, the injection site was entirely within the borders of 9l but was split into two regions by the presence of a large blood vessel. Overall, the injection site began 6.5 mm caudal to the frontal pole, extended caudally for 5 mm, and ended 6.5 mm rostral to the genu of the arcuate sulcus.
Area 46. Areas 46d and 46v were injected with different tracers in a single hemisphere (F2). The injection sites filled the majority of these areas without spreading beyond the borders of area 46. Both injection sites began ϳ4 -5 mm caudal to the frontal pole and extended up to 2 mm rostral to the caudal tip of the principal sulcus.
Area 12. The area 12l was injected in a single hemisphere (F27R). The injection site was entirely within the borders of area 12l. It began 6 mm caudal to the frontal pole, extended caudally for 8 mm, and ended 5 mm rostral to the genu of the arcuate sulcus. 
Thalamic labeling in VA/VL and MD
Retrograde transport of conventional tracers from areas 9, 46, and 12 labeled many neurons in MD and in various subdivisions of the ventrolateral thalamus (Figs. 3, 4) . Because we varied the amount and type of fluorescent tracer injected in different experiments, the absolute numbers of labeled neurons differed from case to case. Thus, to compare the results from different injections, we used the relative percentages of labeled neurons in specific regions of the thalamus (Fig. 4) .
Injections into the different cortical areas labeled neurons in topographically distinct regions of VA, VL, and MD. For example, neurons labeled by area 9 injections tended to be located in more dorsal and medial regions of MD than were neurons labeled by area 46 or area 12 injections (Fig. 3 ). The thalamic input to different subdivisions of areas 9 and 46 also was distinct. Within both MD and subdivisions of the ventrolateral thalamus, the neurons labeled by area 9l injections tended to be located dorsal to those labeled by area 9m injections (see Fig. 3 , first, second rows). Similarly, the neurons labeled by area 46d injections tended to be located dorsal to those labeled by area 46v injections (Fig. 4,  third row) . Only a small number of double-labeled neurons (Ͻ5% of the total sample) were found in the thalamus of the animal that received multiple tracer injections into areas 46d and 46v of the same hemisphere (F2, data not shown). These double-labeled neurons were most common in regions of the thalamus where neurons projecting to the two regions of area 46 were intermingled (Fig. 3) . Overall, our findings on the distribution of labeled neurons in the thalamus were comparable with what others have reported after similar injections of conventional tracers into areas 9, 46, and 12 (Goldman-Rakic and Porrino, 1985; Barbas et al., 1991; Dermon and Barbas, 1994) . The minor disparities between our results and those of previous studies are likely to be caused by small differences in the location of injection sites and the amounts of tracer injected.
Previous studies have shown that in primates the ventroanterior, ventrolateral, and mediodorsal thalamus can be grouped into subdivisions that receive primarily cerebellar, pallidal, or nigral input (see Percheron, 1977; Percheron et al., 1996; Sakai et al., 1996) . We analyzed the relative inputs from these subdivisions of the thalamus to different prefrontal cortical areas to determine whether the anatomical substrate exists for the cerebellum and basal ganglia to influence the prefrontal cortex. Several portions of MD were excluded from this analysis because they are known to receive subcortical input from multiple sources other than the basal ganglia and cerebellum.
Area 9m. Approximately 50% of all the thalamic neurons labeled by injections into area 9m were located in basal ganglia-or cerebellar-recipient thalamus (Fig. 4) . The majority of these neurons were found in thalamic subdivisions that are the target of nigral (25%, VAmc and MDmf) or pallidal (20%, VApc and rostral VLc) efferents (see Figs. 3, first row, sections 439, 509; 4) . In contrast, only a few labeled neurons were located in thalamic subdivisions that are the target of cerebellar efferents (5%, caudal VLc, VLps, and X) (Figs. 3, first row, section 539; 4) . Substantial numbers of labeled neurons also were found in a number of thalamic nuclei that are not the target of basal ganglia or cerebellar efferents [e.g., MDpc, 28% (Fig. 3, first row, sections 509, 539) , and 2-8% in each of the nucleus anterior ventralis and medialis (Av/Am), reuniens (Re), paracentralis (Pcn), centrum medianum and parafasicularis (CM/Pf), centralis densocellularis (Cdc), centralis lateralis and centralis superior lateralis (Cl/Csl), and pulvinaris].
Area 9l. Nearly 45% of the thalamic neurons labeled by area 9l injections were found in basal ganglia-or cerebellar-recipient thalamus (Fig. 4) . The largest proportion of labeled neurons (30%) was found in thalamic subdivisions that are the target of pallidal efferents (23%; Fig. 3, second row, section 491 ) and nigral efferents (7%; Fig. 3, second row, section 491) . Approximately half as many neurons (15%) were found in cerebellar-recipient thalamus (caudal portions of VLc; Fig. 3, second row, sections 577, 611) . Injections into area 9l labeled large numbers of neurons in MDpc (40%; Fig. 3 , second row, sections 577, 611) and small numbers of neurons (5%) in several other thalamic nuclei [Av/ Am, Cdc, Cl/Csl, Re, Pcn, and lateralis posterior (LP)].
Area 46d. Approximately 24% of the thalamic neurons labeled by area 46d injections were located in basal ganglia-or cerebellarrecipient nuclei (Fig. 4) . The largest proportion was found in basal ganglia-recipient regions of the thalamus (16%) with 10% located in subdivisions that receive input from pallidal efferents (VApc and VLcr; Fig. 3 , third row, section 516 ) and 6% located in subdivisions that receive input from nigral efferents (MDmf and VAmc; Fig. 3, third row, section 516 ). However, a comparable percentage (8%) was found in subdivisions that are the target of cerebellar efferents (VLcc; Fig. 3, third row, section 626 ) . The nigral-recipient thalamus contained the smallest proportion of labeled neurons (6%; Fig. 3, third row, section 516 ). On the other hand, ϳ70% of the thalamic neurons labeled in this case were in MDpc. Other thalamic nuclei (MDdc, MDmc, Cl/Csl, Pcn, CM/ Pf, and pulvinar) contained smaller percentages of labeled neurons (0.5-3%).
Area 46v. Slightly Ͻ24% of the thalamic neurons labeled by area 46v injections were located in basal ganglia-or cerebellarrecipient nuclei (Fig. 4) . The highest percentage (20%) of labeled neurons was found in thalamic subdivisions that are the target of nigral efferents (MDmf and VAmc; Fig. 3 , third row, sections 516, 556 ). Much smaller numbers of labeled neurons were found in thalamic nuclei that are the target of pallidal (3%) or cerebellar (1%) efferents. Over half of the total number of labeled neurons were found in MDpc (52%), and small numbers of labeled neurons (3-4%) also were found in other thalamic nuclei (Pcn, CM/Pf, and MDmc).
Area 12l. Slightly Ͼ23% of the thalamic neurons labeled by area 12l injections were located in basal ganglia-or cerebellarrecipient nuclei (Fig. 4) . Nearly all of these neurons were in thalamic subdivisions that are the target of nigral efferents (MDmf and VAmc; see Fig. 3 , fourth row, sections 507, 547 ). In contrast, Ͻ1% of the labeled neurons were in thalamic subdivisions that are the target of cerebellar or pallidal efferents. MDpc contained just Ͼ40% of the labeled neurons, and smaller percentages of labeled neurons (1-6%) were found in other thalamic nuclei (MDdc, MDmc, CM/Pf, pulvinar, and LP).
Overall, there were several clear trends in the patterns of thalamic labeling observed after injections of fluorescent tracers into different portions of prefrontal cortex. As the injection site was moved from ventrolateral regions of prefrontal cortex (area 12l) to more dorsomedial regions (area 9m), there was a marked increase in the number of labeled neurons in thalamic subdivisions that are the target of pallidal efferents. Labeling in nigraland cerebellar-recipient subdivisions of the thalamus followed different trends. The percentage of labeled neurons in the nigral thalamus was greatest after tracer injections into the most dorsomedial and ventrolateral areas examined (areas 9m and 12l), whereas labeling in cerebellar-recipient thalamus was greatest after tracer injections into dorsolateral areas of prefrontal cortex (areas 9l and 46d). These patterns of thalamic labeling lead to some clear predictions about the organization of basal ganglia and cerebellar "projections" to prefrontal cortex. They suggest that basal ganglia output has a widespread influence, whereas cerebellar output is more restricted. These predictions were tested using retrograde transneuronal transport of HSV1. The cerebellar results are presented in the next section.
Experiments with HSV1 Injection sites
We injected the McIntyre-B strain of HSV1 into selected portions of areas 9, 46, and 12 in 13 hemispheres (Table 1 ; Fig. 1 , bottom right). In general, zones I and II of the injection sites extended 500 -900 m from the needle tracks, depending on the amount of virus injected (Fig. 2) .
Area 9m. HSV1 was injected into slightly different rostrocaudal levels of area 9m in two separate hemispheres. The first injection site filled up the majority of area 9m (F19, Figs. 1, 2 ). This injection site began 4 mm caudal to the frontal pole, extended caudally for 7 mm, and ended 6 mm rostral to the genu of the arcuate sulcus. A small portion (ϳ15%) of zone II from this injection site, but none of zone I, extended into adjacent portions of area 9l. The second injection site in area 9m began 9 mm caudal to the frontal pole, extended caudally for 6 mm, and ended 2 mm rostral to the genu of the arcuate sulcus (F25, data not shown). As in the first area 9m injection, a small portion of the peripheral zone of this injection site spread to involve the most medial portion of area 9l. Although the majority of this injection site was clearly within area 9m, the caudal part of the peripheral zone of this injection site extended into a transitional cortical region between areas 9m, 8B, and the presupplementary motor area. Because the patterns of transneuronal labeling in the output nuclei of the basal ganglia and cerebellum did not differ significantly between these two cases, we will describe and illustrate the results of transport from the case that was most confined to area 9m (F19).
Area 9l. The HSV1 injection sites in area 9l (F11L, Figs. 1, 2; F21, data not shown) differed somewhat in their rostrocaudal locations. In each case, a small portion (Ͻ10%) of the peripheral zone of the injection site was found on the medial wall, in area 9m. The injection site in F11 began 5.5 mm caudal to the frontal pole, extended caudally for 8.5 mm, and ended 4 mm rostral to the genu of the arcuate sulcus. The injection site in F21 (data not shown) began 5 mm caudal to the frontal pole, extended caudally for 6 mm, and ended 5.5 mm rostral to the genu of the arcuate sulcus.
Areas 46d and 46v. Virus injections into area 46 were made into both banks of the principal sulcus (areas 46d and 46v combined) in three hemispheres. The precise extent of tissue within the principal sulcus that contained virus varied among these cases. The most complete injection of area 46 was in F11R (Fig. 2) . This injection site was entirely within area 46 and filled up much of the tissue within the middle and caudal portions of the principal sulcus, including a portion of the fundus of the sulcus (Fig. 2) . It began 7 mm caudal to the frontal pole, extended caudally for 5 mm, and ended 2 mm rostral to the caudal limit of the principal sulcus. The other virus injection sites in area 46 (F1 and F6, data not shown) were similar in their rostrocaudal location but involved smaller portions of the principal sulcus.
Selective injections into area 46d or 46v were made in four hemispheres (F28L, F28R, F24L, and F24R; Table 1 ). The injection site in area 46d in F28L (Figs. 1, 2 ) was entirely within area 46d and filled the middle and caudal portions of the dorsal bank of the principal sulcus. This injection site began 5 mm caudal to the frontal pole, extended caudally for 7 mm, and ended 0.5 mm rostral to the caudal limit of the principal sulcus. The second injection site in area 46d (F24, data not shown) was also completely within area 46d. It began 5 mm caudal to the frontal pole, extended caudally for 5.5 mm, and ended 2 mm rostral to the caudal limit of the PS. The two injection sites in area 46v were very similar; they both filled a considerable amount of the middle and caudal portions of area 46v. These injection sites began ϳ5 mm caudal to the frontal pole, extended caudally for 7 mm, and ended 2 mm rostral to the caudal limit of the principal sulcus (F28R, Fig. 1; F24R, data not shown) . The only significant difference between these injection sites was that a portion of the injection site in F28R extended into the white matter just beneath the PS (F28R, Fig. 2) .
Area 12l. The two HSV1 injection sites in area 12l (F12, Figs. 1, 2; F27L, data not shown) were nearly identical in their dimensions and locations. Both injection sites began 5 mm caudal to the frontal pole, extended caudally for ϳ7.5 mm, and ended 5 mm rostral to the genu of the arcuate sulcus. A small portion (Ͻ5%) of the peripheral zone of the injection site in F12 extended into the orbital portion of area 12 (Fig. 2) .
Thalamic labeling
A survival time of 5 d is long enough for HSV1 to be transported transneuronally via two orders of synaptic connections. Thus, at this survival time the thalamus will contain first-order neurons labeled via retrograde transport of HSV1 directly from the injection site. In addition, the thalamus will contain second-order neurons labeled via retrograde transport from the injection site to another brain area and then a second stage of retrograde transneuronal transport to thalamic neurons. In many cases, first-and second-order neurons can be distinguished by the intensity of staining and degree of cellular lysis (Hoover and Strick, 1999) . In general, the distribution of first-order neurons in the thalamus after HSV1 injections into prefrontal cortex was consistent with that reported above for conventional tracers (compare Figs. 3, 5) .
Labeling in cerebellar output nuclei
Most of the cerebellar neurons labeled via retrograde transneuronal transport of HSV1 from prefrontal cortex were found in the dentate nucleus (Table 2) . Labeled neurons had darkly stained cell bodies, with somewhat lighter-stained dendrites radiating from the cell soma (Fig. 6 ). These second-order neurons had morphological features typical of cerebellar neurons that project to the thalamus (Tolbert et al., 1978; Nakano et al., 1980; Stanton and Orr, 1985) .
Area 9m. The two animals that received injections of HSV1 into area 9m displayed an average of just Ͼ90 labeled neurons in the output nuclei of the cerebellum (Table 2 ). Most of these neurons (Ͼ90%) were found in the dentate nucleus, and only a small number (0 -6%) were located in the interpositus and fastigial nuclei. In fact, no labeled neurons were found in the anterior interpositus in case F25. Over 85% of the labeled neurons in the dentate were located contralateral to the injection site. In contrast, labeled neurons in the interpositus and fastigial nuclei were more bilaterally distributed. In both area 9m cases, we found labeled neurons in a highly localized ventromedial region of the dentate, restricted to the middle and caudal third of the nucleus (Figs. 7, 8 ). This labeled region represented ϳ1% of the volume of the dentate.
Area 9l. Injections of HSV1 into area 9l labeled an average of Ͼ400 neurons in the cerebellar output nuclei ( Table 2 ). The vast majority (Ͼ96%) of these labeled neurons were found in the dentate and were located contralateral to the injection site. A Figure 5 . HSV1-labeled regions of the thalamus. The patterns of HSV1 labeling observed in the thalamus after injections into different regions of the prefrontal cortex are shown at a 5 d survival time. These sections were taken through the most dense regions of thalamic labeling in each case. Conventions are described in Figure 3 . Scale bar, 400 m. mtt, Mamillo thalamic tract.
small number of labeled neurons were found in the posterior interpositus (1%) and fastigial nuclei (2%). The labeled neurons in the dentate were located in ventromedial regions of the caudal half of the nucleus. Neurons labeled by area 9l injections tended to be located more laterally than were the neurons labeled by area 9m injections (Figs. 7, 8) . The dentate region that contained labeled neurons after area 9l injections included ϳ8% of the volume of the nucleus.
Area 46. Injections of HSV1 into area 46 labeled an average of Ͼ200 neurons in the cerebellar output nuclei (Table 2) . Selective injections into different portions of area 46 showed that nearly all of this labeling was caused by transport from area 46d (Table 2) . This result is consistent with our observation that area 46d is a major target of thalamic regions that receive input from the cerebellum, whereas area 46v is not (see above ; Fig. 4) . The vast majority (Ͼ95%) of neurons labeled after HSV1 injections into area 46 were found in the dentate and were located contralateral to the injection site (97%). Labeled neurons in the dentate were most concentrated ventrally in the middle third of the nucleus rostrocaudally. In general, neurons that project to area 46 were located somewhat more laterally in the dentate than were those that project to area 9l (Figs. 7, 8) . The dentate region that contained labeled neurons that project to area 46 represented ϳ6.5% of the volume of the nucleus.
Area 12l. In contrast to the area 9 and area 46 results, injections of HSV1 into area 12l labeled very few neurons in the deep cerebellar nuclei. Most of the neurons that were labeled were found in ventral regions of the dentate contralateral to the injection site. The lack of labeled neurons in the dentate is consistent with the relative absence of input to area 12 from regions of the thalamus that are the target of cerebellar efferents (see above; Fig. 4) .
Overall, the patterns of labeling that we observed in the dentate after transneuronal transport of HSV1 from prefrontal cortex are consistent with the predictions derived from experiments with conventional tracers. Both approaches indicate that cerebellar output targets specific portions of areas 9 and 46. In addition, virus transport uniquely demonstrates that this output originates from topographically distinct portions of the ventral dentate.
DISCUSSION
In this study, we examined the extent and topographic organization of cerebellar input to multiple regions of prefrontal cortex. The results from our studies with conventional tracers and with transneuronal transport of HSV1 indicate that cerebellar output does gain access to multiple areas of prefrontal cortex. These findings clearly differ from the classical view that cerebellar output is focused entirely on the primary motor cortex.
The use of retrograde transneuronal transport of HSV1 enabled us to determine the precise origin of cerebellothalamocortical projections to the prefrontal cortex. Clear shifts in the location of dense labeling in the dentate nucleus occurred with injections into different areas of prefrontal cortex. Such shifts were observed even after virus injections into adjacent subdivisions of the same cytoarchitectonic area (e.g., areas 9m and 9l; Figs. 7, 8) . Thus, not only is the prefrontal cortex the target of cerebellar output, but this output appears to be topographically organized.
Comparison with cerebellar inputs to other cortical areas
In previous studies, we have used virus tracing to examine the cerebellar output to a number of motor areas of cortex. We found that injections of HSV1 into M1, ventral premotor area (PMv), dorsal premotor area (PMd), and frontal eyefield (FEF) all label neurons in the dentate nucleus (Zemanick et al., 1991; Strick, 1993, 1999; Strick et al., 1993; Lynch et al., 1994; Dum and Strick, 1999) . The neurons labeled after virus injections into M1, PMd, and PMv were all located in more dorsal regions of the dentate than were those labeled after prefrontal injections. Similarly, the neurons labeled by virus injections into the FEF were located in more caudal and lateral regions of the dentate than 18 ( were those labeled by prefrontal injections. These results indicate that cerebellar projections to prefrontal, oculomotor, and skeletomotor areas of cortex all appear to be derived from topographically distinct regions of the dentate. We have proposed that the cluster of neurons that projects to an individual cortical area creates a distinct "output channel" in the cerebellum Strick, 1997, 1998) . The present results indicate that the dentate contains several output channels that are directed at different areas of prefrontal cortex. Our results emphasize that areas 9l and 46d are major targets of dentate output. Interestingly, these are the regions of prefrontal cortex that project most densely on pontine nuclei that provide access to the input stage of cerebellar processing Pandya, 1995, 1997a) . These observations suggest that a major structural feature of cerebellar interactions with prefrontal cortex is multiple, topographically closed loops. If this arrangement reflects a general principle of cerebrocerebellar architecture, then those areas of cerebral cortex that project to the input stage of cerebellar processing (i.e., the pontine nuclei) would also be the target of efferents from the output stage of cerebellar processing (i.e., the deep cerebellar nuclei). Widespread regions of the cerebral cortex, including cingulate, somatic sensory, posterior parietal, and visual areas, are known to project to the pontine nuclei (Brodal, 1978; Hartmann-von Monakow et al., 1981; Vilensky and van Hoesen, 1981; Leichnetz et al., 1984; Glickstein et al., 1985; Pandya, 1995, 1997a) . Our hypothesis predicts that most of these cortical areas would also be the target of cerebellar output. To date, the volume of the dentate occupied by the known output channels to skeletomotor, oculomotor, and prefrontal areas of cortex represents only ϳ60% of the volume of the nucleus. Consequently, the cortical targets of a major portion of dentate output remain to be determined. Even so, it is clear that a considerable amount of the cerebrocerebellar interactions operate outside the domain of motor control.
Functional implications
Our results indicate that output channels in the ventral dentate project to specific portions of the prefrontal cortex. These observations raise an important question; namely, what is the functional contribution of this pathway? In this section, we will describe results based on a variety of experimental approaches that suggest that dentate output channels to prefrontal cortex are involved in aspects of higher executive function like planning, working memory, and sequential behavior. Strick (1993, 1995) recorded from the dentate nucleus in monkeys trained to perform sequences of movements, three elements in length. In one component of the task, three visual cues were presented to the monkey. The monkey had to remember the position of the cues and the order in which they were presented. Then, after a variable instructed delay period, the monkey performed the remembered sequence as quickly as possible. Approximately 15% of the neurons recorded in the dentate during this task displayed changes in activity during the instructed delay period. The activity of some instruction-related neurons was specific for the particular sequence of movements the animal had to remember. These patterns of activity resemble those of neurons in area 46 recorded during a similar instructed delay task that involved arm movements (Funahashi et al., 1997) . The dentate neurons that displayed instruction-related activity tended to be located in ventral regions of the nucleus that project to areas 9 and 46. These results suggest that dentate activity could be involved in the generation and/or maintenance of delay activity in prefrontal cortex. Jueptner et al. (1997a,b) found significant activation in ventrolateral portions of the deep cerebellar nuclei, as well as in portions of areas 9 and 46, during the learning of new sequences of finger movements. They also observed peak activations laterally in the cerebellar hemispheres and at thalamic sites in caudal paralaminar MD. Thus, every potential site in the cerebellothalamocortical pathway from the neocerebellum to the prefrontal cortex displayed activation during a sequence-learning task in humans. Kim et al. (1994) specifically examined dentate activation in human subjects by the use of high-field functional MRI. They found that the magnitude and extent of activation in the dentate during attempts to solve a Peg-Board puzzle were greater than that observed when subjects simply performed visually guided movements of pegs. Thus, dentate activation was not simply related to movement per se (see also Gao et al., 1996) . Moreover, ventral regions of the dentate appeared to be especially activated during attempts to solve the Peg-Board puzzle. Overall, imaging studies in humans provide support for the suggestion that output channels in the ventral dentate that innervate prefrontal cortex are involved in the learning of new sequences, spatial working memory, planning, and rule-based learning.
Single-neuron recording in trained primates

Imaging studies in human subjects
Cerebellar lesions
In addition to the classical motor deficits, there is considerable evidence that cerebellar pathology in humans can lead to deficits in the performance of cognitive tasks that require rule-based learning, judgment of temporal intervals, visuospatial analysis, and shifting attention between sensory modalities, as well as working memory and planning (for review, see Leiner et al., 1986 Leiner et al., , 1987 Leiner et al., , 1989 Leiner et al., , 1991 Leiner et al., , 1993 Botez et al., 1989; Ivry and Keele, 1989; Schmahmann, 1991 Schmahmann, , 1997 Akshoomoff and Courchesne, 1992; Fiez et al., 1992; Grafman et al., 1992; Schmahmann and Sherman, 1998 ). Many of these deficits reflect functions normally thought to be subserved by areas of prefrontal cortex. Based on our results, one interpretation of the origin of these deficits is that they result from an interruption of input to the prefrontal cortex from the cerebellum. Similarly, one might predict that damage to the ventral portion of the dentate, or to the regions of cerebellar cortex that innervate it, would produce deficits that resemble those seen after lesions of areas 9 or 46. In fact, a study by Fiez et al. (1992) provides some support for this prediction. They described a patient, designated RC1, who had circumscribed damage to the lateral portion of his right cerebellar cortex. This patient exhibited few classical signs of cerebellar damage but was impaired on the performance of specific types of rule-based language and memory tasks. The deficits appeared on tasks that in normal subjects activate lateral portions of the cerebellar hemispheres and areas 9 and 46 (Petersen et al., 1988; Raichle et al., 1994; Fiez et al., 1996) . Recent anatomical studies suggest that the portions of the cerebellum damaged in RC1 are part of the cerebellar loop with the prefrontal cortex (Kelly and Strick, 1998) . Thus, the cognitive deficits in RC1 may have been a consequence of interrupting this circuit.
Results of studies on patients with cerebellar damage suggest that the cerebellum also is involved in sequence learning and performance (Pascual-Leone et al., 1993; Molinari et al., 1997) , behaviors that have been shown to rely, at least in part, on certain Comparison of dentate labeling after HSV1 injections of area 9. Sections at the same level of the dentate are shown after injections of HSV1 into area 9m (left), area 9l (middle), or area 46 (right). The dashed lines indicate the borders of the dentate nucleus. Note the difference in the location of the labeled neurons within the dentate between cases. Scale bar, 500 m. Figure 8 . Origin of dentate projections to areas 9 and 46. Sections through the middle of the dentate nucleus are shown after injections into area 9m (left), area 9l (middle), or area 46 (right). The rostrocaudal distribution of labeled neurons in the dentate for each case is shown at the bottom of the figure, with the locations of the sections shown above indicated by the arrows. DN, Dentate nucleus; R, rostral; C, caudal. prefrontal areas (Jacobsen, 1936; Petrides and Milner, 1982; Jenkins et al., 1994; Pascual-Leone et al., 1995 Petrides, 1995; Hikosaka et al., 1996; Funahashi et al., 1997; Jueptner et al., 1997a,b; Sakai et al., 1998) . Thus, it is possible that the output channels that link the ventral dentate to areas of prefrontal cortex may have a function in the learning and execution of sequential behavior. Two recent experimental tests of this suggestion have given conflicting results. Hikosaka et al. (1998) examined the effects of focal inactivation of movement-related sites within the dentate on the learning and performance of a sequential buttonpress task. They concluded that the " . . . dentate nucleus is used for the storage or retrieval of long-term procedural memories." On the other hand, Nixon and Passingham (2000) examined the effects of bilateral excitotoxic lesions of the lateral cerebellar nuclei on a similar sequential task. They suggested that the cerebellum " . . . is not essential for learning or recall" but is " . . . crucially involved in the process by which motor sequences become automatic with extended practice." Perhaps the disparate conclusions result, in part, from differences in the size and extent of damage within the dentate. Our anatomical data indicate that even small shifts in the lesion site could effect different output channels within the dentate.
Cerebellar involvement in psychiatric disorders
Cerebellar abnormalities have been reported in numerous studies of neuropsychiatric disorders, including depression, Tourette's syndrome, attention deficit disorder, autism, William's syndrome, and schizophrenia, to name but a few (Heath et al., 1979; Weinberger et al., 1979; Snider, 1982; Hamilton et al., 1983; Bauman and Kemper, 1985; Joseph et al., 1985; Shelton and Weinberger, 1986; Yates et al., 1987; Courchesne et al., 1988; Volkow, 1992; Jurjus et al., 1994; Martin and Albers, 1995; Andreasen et al., 1996; Courchesne, 1997; Filipek et al., 1997; Harrison, 1999) . Many of these studies have been inconclusive and often confounded by the effects of medication. Nonetheless, it is becoming apparent that some of the changes reported in these studies could reflect involvement of the same anatomical circuits we have described. For example, among the most consistent findings in studies of schizophrenia are decreased metabolism in areas 9 and 46, cytoarchitectonic alterations in thalamic-recipient layers of areas 9 and 46, and reductions in neuron number in the MD nucleus of the thalamus (for review, see Harrison, 1999) . The possibility that these findings could all be related to dysfunctions of a cerebellar output channel to the prefrontal cortex was suggested by the work of Andreasen et al. (1996) . These investigators reported alterations in metabolism in the cerebellum, thalamus, and dorsal prefrontal cortex of schizophrenic subjects during a memory recall task and speculated that schizophrenic subjects might suffer from a form of dysmetria that involved cognitive operations, as opposed to the dysmetria classically associated with cerebellar damage. C learly, more detailed analyses of the cerebellar changes in schizophrenia and a more complete map of the relations between areas of cerebral and cerebellar cortex will enable a better assessment of the potential cerebellar involvement in schizophrenia and other psychiatric disorders.
Anatomical and functional specificity of cerebellar projections to prefrontal cortex
The present results provide further clues about the functional contributions of the cerebellar projections to the prefrontal cortex. We found that cerebellar output targets dorsal areas of the prefrontal cortex (9 and 46d) but primarily avoids ventral prefrontal areas (12 and 46v). A complete discussion of the functional differences between dorsal and ventral areas of the prefrontal cortex is beyond the scope of this report. However, there is some agreement that dorsal areas of the prefrontal cortex are involved in spatial working memory and planning and are a major site of termination of the "dorsal stream" of visual processing, whereas ventral areas of the prefrontal cortex are involved in the working memory for objects or visual discrimination learning and are a major target of the ventral stream of visual processing (see Petrides and Milner, 1982; Goldman-Rakic, 1987; Passingham, 1993; Wilson et al., 1994; Petrides, 1995; Fuster, 1997; Rushworth et al., 1997) . Thus, our results suggest that the cerebellar projection to the prefrontal cortex is particularly concerned with spatial working memory, planning, and other functions associated with the dorsal stream of visual processing.
In summary, the available anatomical, physiological, and behavioral data suggest that the cerebellum is involved not only in the control of movement but also in many aspects of cognitive behavior like planning, working memory, and sequential behavior. Our results provide the anatomical substrate for a cerebellar influence on processing within the prefrontal cortex. Further studies are necessary to determine the full extent of the cerebral cortex that is the target of cerebellar output. Clearly, we have only begun to appreciate the diverse range of behaviors that could be influenced by the cerebellum.
